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ABSTRACT 
PRESENCE AND ENRICHABILITY OF PROPANOTROPHS IN 
SUBSOILS 
FEBRUARY 1998 
JALAL GHAEMGHAMI, 
B.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Stephen C. Simkins 
The potential for enriching the population of propane-oxidizing 
microorganisms was tested in two sets of subsoils which yielded a total of 
seven different subsoils. In a preliminary experiment propane was rapidly 
consumed after an 18-day lag phase in two subsoils, contaminated either by 
chlorinated solvents or by petroleum-derived hydrocarbons, and in one 
surface soil with no history of contamination. In a subsequent study with 
five variously contaminated subsoils, one subsoil could not be enriched for 
propane or methane consumption, but oxidations of these gases in the 
remainder of the subsoils were partially enriched. Linear regression was 
utilized to test for the possible enrichment of propane oxidation in these four 
subsoils. The regressions were adjusted to avoid any unjustified claim of 
greater success of the enrichment process than probably occurred in some of 
the treatments. Overall, three soils seemed to offer some evidence of 
enrichment over 5 weeks. A high degree of statistical significance 
vi 
(P< 0.001) offered the best evidence that enrichment of propane-oxidizing 
activity occurred in one subsoil. Screening for propane-oxidizing bacteria in 
the subsoils resulted in the isolation of 51 bacterial species including several 
aerobic bacteria such as Variovorax paradoxus. Pseudomonas putida, and 
Rhodococcus rhodochrous. These species were all capable of growth on 
propane, 2-propanol, and r?-propanol as sole sources of carbon and energy. 
Fatty Acid Methyl Ester (FAME) analysis of isolate JGiao22 showed no 
match with fatty acid profiles of different genera recorded in the Microbial 
Identification System (Microbial ID, Inc., Newark, DE). This isolate was 
further characterized utilizing partial 16S rRNA sequencing that indicated a 
close relation to the genus Variovorax. Isolate JGiao22 is a Gram negative, 
motile rod with peritrichous flagella, and contains two plasmids, a single gas 
vesicle, unique circular dense inclusions, and extracellular polymers. Our 
results justify naming this isolate as a new species, Variovorax 
propanotrophica sp. nov. JGiao22. 
Vll 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGMENTS . iv 
ABSTRACT  vl 
LIST OF TABLES.x 
LIST OF IGURES.xii 
CHAPTER 
1. PROPANE OXIDATION IN SOILS.1 
Introduction.1 
Materials and methods.4 
Soils.4 
Microcosm .4 
Results .6 
Discussion and conclusions.33 
2. ISOLATION AND CHARACTERIZATION OF PROPANOTROPHS .37 
Introduction.37 
Materials and metods.38 
Isolation.39 
Purification.39 
Characterization.41 
Morphology .41 
Growth substrate . 2 
Motility test .  
Electron microscopy .4  
Fatty Acid Methyl Ester Analyses (FAME) .43 
Plasmid screening . 3 
vm 
Results .43 
Discussion and conclusions.70 
3. ISOLATION AND CHARATERIZATION OF A NOVEL SOIL BACTERIUM SPECIES, 
VARIOVORAX PROPANOTROPHICA SP. NOV. JGiao22.75 
Introduction.75 
Materials and methods.76 
Results .79 
Discussion and conclusions.96 
BIBLIOGRAPHY.100 
ix 
LIST OF TABLES 
Table Page 
1.1. Properties of four different subsoils of the second set of four 
s bs ils. 5 
1.2. Chemical properties and exposure history of four different subsoils 
in the second set of samples.5 
1.3. Duncan's New Multiple Range Test among measurements 
immediately after the fourth addition of propane.11 
1.4. Duncan's New Multiple Range Test among measurements on 
day 42 after the third addition of methane to all four soils. 12 
1.5. Duncan's New Multiple Range Test (0.05) among measurements 
for one and two weeks after the 4th addition 
of propane to samples of s8.19 
1.6. Duncan's New Multiple Range Test among (0.05) measurements 
for one and two weeks after the 4th addition of 
methane to samples of s8.19 
1.7. Duncan's New Multiple Range Test among propane measurements 
in slO samples 7 days after each addition.22 
1.8. Duncan's New Multiple Range Test among methane 
measurements 7 days after each addition to unamended 
samples of slO subsoil.22 
1.9. Duncan's New Multiple Range Test (0.05) among the gas 
measurements of propane for rz subsoil samples one week 
after each addition.25 
1.10. Duncan's New Multiple Range Test (0.05) among the gas 
measurements of propane for rz subsoil samples one and 
two week after fourth addition .25 
x 
1.11. Duncan's New Multiple Range Test (0.05) among the gas 
measurements for one week after each addition of the 
gas to samples of ss subsoil.28 
1.12. Parameters of a linear regression test for methane measurements 
of two subsoils.29 
1.13. Two coefficients of departure from normality and parameters of 
a regression line for each type of subsoil (n = 16) during 
incubation at the presence of 1% propane and air mixture. . 31 
2.1. Colony shape and color for a selected set of the isolates.44 
2.2. Subset of characterization tests (propane oxidizers).45 
2.3. Growth of isolates using A?-propanol or 2-propanol.47 
2.4. Results of FAME analyses for the motile propane-utilizing isolates 
and comparison with other morphological or biochemical 
tests.69 
3.1. Motile isolates capable of growth on propane, and two isomers of 
propanol.77 
3.2. Fatty Acid Methyl Ester analysis, and Gram staining of each 
isolate.77 
XI 
LIST OF FIGURES 
Figure Page 
1.1. Propane consumption following the initial addition.7 
1.2. Propane consumption following the second addition.8 
1.3. Propane consumption following the third addition.9 
1.4. Propane consumption following the final addition.10 
1.5. Methane consumption following the initial addition.13 
1.6. Methane consumption following the second addition.14 
1.7. Methane consumption following the final addition.15 
1.8. Percentages of four additions (marked with Arabic numerals) of 
approximately 1 % propane in air (vol/vol) and 3% methane 
in air (vol/vol)that remained after selected incubation 
periods.^ 
1.9. Percentages of four additions (marked with Arabic numerals) of 
approximately 1 % propane in air (vol/vol) and 3% methane 
in air (vol/vol)that remained after selected incubation 
periods.20 
1.10. Percentages of four additions (marked with Arabic numerals) of 
approximately 1 % propane in air (vol/vol) and 3% methane 
in air (vol/vol)that remained after selected incubation 
oq 
perio s. 
Xll 
1.11. Percentages of four additions (marked with Arabic numerals) of 
approximately 1% propane in air (vol/vol) and 3% methane 
in air (vol/vol) that remained after selected 
incubation periods.26 
1.12. Regression lines of best fit showing the relationship between the 
percentage of propane remaining 7 days after the most 
recent replenishment of the headspace atmosphere with 
fresh 1 % propane in air and total number of times 
that propane has been introduced into that microcosm.32 
2.1. Negatively stained whole cells of isolate 2 with three flagella. ... 49 
2.2. Electron micrograph of negatively stained cells of isolate 14 
showing peritrichous flagellation.51 
2.3. Coupled cells of isolate 15 were common throughout the grid 
observed under the electron microscope.53 
2.4. Electron micrographs of isolate 16.55 
2.5. Electron micrographs of isolates 17 (top), and 17a (bottom). ... 57 
2.6. Negatively stained electron micrographs of isolates 21a (top), 
21b (bottom right) and 21c (bottom left).59 
2.7. Four negatively stained preparations of isolate 34.61 
2.8. Screening of plasimds in bacterial isolates by electrophoresis using 
two plasmid molecular markers.65 
3.1. Screening of plasmids in bacterial isolates by electrophoresis 
using two plasmid molecular markers.61 
4 
Xlll 
3.2. Negatively stained cell of isolate number 22. The rod shape cells 
of this strain show a wrinkled cell surface 
and few flagella.83 
3.3. Electron micrograph of an ultrathin section through a cell showing 
composition of layers of cellular membranes of isolate 22 
including the surface layer, cell wall, and cytoplasmic 
membrane.85 
3.4. Electron micrographs of ultrathin sections through cells showing 
multiple inclusions in cells surrounded by outter layer of 
possiblyextracellular polymers.87 
3.5. Electron micrograph of an ultrathin section through cells at the 
final stages of cell division showing initiation of separation 
in outer layers of cell membrane of a daughter cell (top), 
formation of DNA-Plasm (Bottom left) and completely 
separated cells (bottom right).89 
3. 6. Electron micrograph of an ultrathin section through cells stained 
using conventional techniques.91 
3. 7. Phylogenetic tree based on partial sequences (350 bases) of 
1 6S rRNA genes.93 
xiv 
CHAPTER 1 
PROPANE OXIDATION IN SOILS 
Introduction 
Methanotrophs, propane-oxidizers, and phenol and toluene degraders 
are examples of producers of mono- and dioxygenases, types of enzymes 
with broad spectra of target substrates that reportedly initiate cometabolic 
degradation of trichloroethylene (TCE) in ecosystems (Chang and Alvarez- 
Cohen 1995, Coyle eta/. 1993, Ensign eta/. 1992, Fogel et al. 1986, 
Hecht et a/. 1995, Wackett and Gibson 1988 and Wackett et a/. 1989, 
Vanderberg et a/. 1995). This study examined the enrichability of propane 
and methane oxidation in soils collected from a variety of depths at single or 
multiple sampling locations at each site. Soils at these sites were exposed 
to petroleum base and/or halogenated hydrocarbons. 
Mixed bacterial cultures have been studied and enriched to enhance 
biotransformation of many organic compounds (Chang and Alvarez-Cohen 
1995, Henson et a/. 1988, Henrysson and McCarty 1993). Diverse types of 
endogenous microorganisms in a consortium provide most of the required 
biodegradation capabilities to biologically remediate ecosystems 
contaminated with xenobiotic compounds such as petroleum or chlorinated 
hydrocarbons (Atlas and Bartha, 1987). In such a consortium, mutualistic 
and commensalistic relationships among microorganisms may assist 
1 
members of the group in degrading otherwise recalcitrant compounds such 
as TCE, tetrachloroethylene (PCE), and polychlorinated biphenyls (PCBs) 
which are collectively referred to as Dense Non-Aqueous Phase Liquids, or 
DNAPLs (Broholm et al. 1990, Enzien et a/. 1994, Vogel and McCarty 1985, 
and Wackett and Gibson 1988). Most of the chlorinated compounds are 
rarely completely mineralized by a single type of aerobic bacterium 
(Watkinson and Morgan 1990, Nelson et al. 1986). Cometabolic 
degradation of TCE occurs where heterotrophic bacteria further degrade 
oxygenated by-products of epoxidation reactions initiated by methanotrophic 
bacteria, or other producers of monooxygenase enzymes (Dalton and Stirling 
1982, Wilson and Wilson 1985). Metabolic pathways for many individual 
contaminants have been well characterized in pure cultures (Fogel et al. 
1986, Janssen et al. 1988, Little et al. 1988), these cultures have been 
utilized by industry in remediation processes (Bailey and Ollis 1986, Folsom 
and Chapman 1991, and Mars et al. 1996). However, the biotransformation 
of a mixture of many organic contaminants is more complex and almost 
certainly requires a consortium of microorganisms. The reported degradation 
pathways of DNAPLs usually include epoxidation, dechlorination, 
hydroxylation, and mineralization reactions (Alexander and Scow 1989, Koh 
era/. 1993). Chang and Alvarez-Cohen (1995) have recently reported such 
.cometabolic biodegradation and have introduced a modification of the model 
provided by Michaelis-Menten /Monod kinetics. Hsiao-Lung and Alvarez- 
2 
Cohen 1 995, Nelson et al. 1 987, and Oldenhuis et a/. 1 991 have also 
studied related reaction kinetics of chlorinated hydrocarbons. 
Watkinson and Morgan (1990) have studied a wide variety of bacteria, 
filamentous fungi and yeasts capable of metabolizing aliphatic hydrocarbon 
substrates. The fundamental details of A7-alkane degradation have also been 
documented by Singer and Finnerty 1 984. Propane and methane oxidizers 
are capable of converting A7-alkane to the corresponding alkan-1-ol using 
monooxygenase systems through reactions that are linked to a number of 
electron carrier systems including rubredoxin in Pseudomonas putida and 
NAD(P)H for propene monooxygenase in Mycobacterium sp. Ml 56 
(Woodland et at. 1995). They have reported mono-terminal and di-terminal 
oxidation of C2-C8 r7-alkanes via a system that is not linked to cytochrome 
P-450 in a propane-oxidizing bacterium, Rhodococcus rhodochrous. Vestal 
and Perry (1969) proposed the following as a propane oxidation pathway 
using Mycobacterum vaccae JOB5. This isolate have been recently used to 
obtain an understanding of the role of the propane monooxygenase in a 
dehalogenation reaction (Vanderberg et al. 1995). 
Propane -* Isopropanol -* Acetone -* Acetol -* Acetate -*■ CO2 
Metabolisms of additional C3-hydrocarbons, such as propionate and n- 
propylamine, are reported by Belvins and Perry, 1972. 
The influence of variations in either the depth at which samples were 
collected or of differences in texture or physico-chemical properties such as 
soil moisture and nutrient levels were considered in assessing the success of 
3 
these enrichments. These parameters influence rr croflora of subsurface 
environment, thus altering its biolog ca activity 'A e/a'ber '^77, e'b 
Knaebel et at. 1994). 
Materials and methods 
Soils 
Two sets of different soils were examined in these e/se' ments. ~ne 
first set consisted of three textura ly d ffererrt so s nclud r.g a 
noncontaminated fine sandy loam topsoil, a cam / sand subso a th a 
history of DNAPL contamination, and a sane/ ica~ subso* //ith a r story of 
exposure to petroleum hydrocarbons sucsoiis. ""he secs'-d series consisted 
of five additional subsoils described in Tables 1.1 and ‘.2. 
V crocosm 
Each microcosm, a 120- or 37-mi, cacced serum cotte. contained a 
ten- or three-gram sample of each of the test soils, respective «. 
Quadruplicate samoies were prepared frem a sing e .a' cx eac- soil with as 
Irttie disturbance as oossible of me so: during subsarr.pl ng. The headspace 
in each serum bottie v»as rec aced t. a mixture ot ""ethane arc air or 
cropane and air. Sa~c es of soils in the first set received either c'cra-e or 
cays 0, 25, 34, and 42 or methane on davs 0, 28, anc 36 respective v 4 
microcosms used for the seco*'C set of subsoils received four accrdcrs c* 
either 34: (volvofl methane or 1 % (vol.vofl propane et time C erne emer 3 ± 
4 
Table 1.1. Properties of four different subsoils of the second set of four 
subsoils. 
Subsoils Texture 
o.c.a 
(%) 
Nb P Ca pH 
(mg/kg) 
s8 Sandy loam 2 6 6 233 7.0 
slO Loamy coarse sand 0.3 19 4 1113 7.1 
ss Sandy loam 3 6 9 2140 7.0 
rz 
a ^ 
Silt loam 5 73 3 704 5.6 
d Organic carbon. 
b Total Kjelldahl. 
Table 1.2. Chemical properties and exposure history of four different 
subsoils in the second set of samples. 
Subsoil Exposure 
Cu Pb 
CECa 
cmol/kg - 
(mg/kg) 
Percent Base 
saturation 
K Mg Ca 
s8 DNAPL& 
BETXb 
1.3 44 1 7 21 73 
slO DNAPL & 
BETX 
5.2 5 1 2 17 82 
ss DNAPL 9.4 2 41 1 5 94 
rz BTEX 7.1 4 1 1 10 48 
d Cation Exchange Capacity. 
5 
and 5 weeks of incubation. The disappearance of the fourth addition was 
followed over the following 2 weeks. Half of the microcosms used for the 
second set of soils exposed to each gas received additions of inorganic 
nitrogen and phosphorus supplied as a solution prepared by adding 
ammonium nitrate to a diluted pH 7 phosphate buffer. 
The headspace concentrations of each hydrocarbon were measured at 
different time intervals during these experiments. The analyses used a 3-//I 
headspace sample from each serum bottle and were performed with a HP 
3890™ gas chromatograph (GC) equipped with a flame ionization detector 
(FID). These GC/FID analyses used an isothermal column temperature of 
60°C and a flow rate of 30 ml/min with nitrogen as the carrier gas. 
Triplicate headspace samples from each serum bottle (microcosm) were 
assayed for changes in propane or methane concentrations. 
Results 
Declines in propane concentrations within the first set of soils were 
measured in the serum bottles following its introduction on days 0, 28, 34 
and 42 (Fig. 1.1 to 4). A lag phase in propane consumption followed its 
initial addition (Fig. 1.1), but this lag was not observed after the second 
addition (Fig. 1.2). Following the last two additions, propane appeared to be 
most rapidly consumed in samples of the fine sandy loam topsoil (Fig. 1.3 
and 4). Declines in methane concentrations were measured following its 
introduction on days 0 (Fig. 1.5), 28 (Fig. 1.6), and 32 to each of the first 
6 
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Figure 1.1. Propane consumption following the initial addition. Each data 
point is an overall average of three measurements for each of 
the quadruplicates. Loamy sand subsoil (•), sandy loam subsoil 
(■), and sandy loam topsoil (♦). Error bars equal to ±1 standard 
deviation are shown whenever they exceed the width of the 
symbol. 
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Figure 1.2. Propane consumption following the second addition. Data 
points are overall average of three measurements for each of 
the quadruplicates. Loamy sand subsoil (•), sandy loam subsoil 
(■), sandy loam topsoil (♦), and gamma irradiated samples (°) 
were examined. Error bars, ± 1 standard deviation, are shown 
when they exceed the width of the symbol. 
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Figure 1.3. Propane consumption following the third addition. Data points 
are overall average of three measurements for each of the 
quadruplicates. Loamy sand subsoil (•), sandy loam subsoil 
(■), sandy loam topsoil (♦), and gamma irradiated samples (O) 
were examined. Error bars equal to ± 1 standard deviation are 
shown whenever they exceed the width of the symbol. 
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Figure 1.4. Propane consumption following the final addition. Loamy sand 
subsoil (•), sandy loam subsoil (■), sandy loam topsoil (♦), and 
gamma irradiated samples (O) were examined. Error bars 
smaller than symbol sizes are not shown. 
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Table 1.3. Duncan's New Multiple Range Test among measurements 
immediately after the fourth addition of propane. 
(a) on day 42. 
Soil Type Ranked Means Association letter3 
Loamy sand subsoil 1.077 A 
Control 1.085 A 
Sandy loam topsoil 1.088 A 
Sandy loam subsoil 1.119 A 
“Means followed by the same letter are not significantly different. 
(b) on day 47. 
Soil Type Ranked Means Association letter3 
Sandy loam topsoil 0.6104 A 
Control 0.9385 B 
Loamy sand subsoil 1.0190 B 
Sandy loam subsoil 1.0407 B 
“Means followed by the same letter are not significantly different. 
11 
Table 1.4. Duncan's New Multiple Range Test among measurements on 
day 42 after the third addition of methane to all four soils. 
Soil Type Ranked Means Association letter3 
Loamy sand subsoil 0 A 
Sandy loam subsoil 1.276 B 
Sandy loam topsoil 1.368 BC 
Control 1.571 C 
aMeans followed by the same letter are not significantly different. 
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Figure 1.5. Methane consumption following the initial addition. Each point 
shows an overall average of three measurements for each of the 
quadruplicate soil samples per treatment. Loamy sand subsoil 
(•), sandy loam subsoil (■), and sandy loam topsoil (♦), and 
gamma-irradiated samples (O). Error bars show ±1 standard 
deviation if wider than the symbols. 
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Figure 1.6. Methane consumption following the second addition. Each data 
point is an overall average of three measurements for each of 
the quadruplicate bottles containing loamy sand subsoil (•), 
sandy loam subsoil (■), sandy loam topsoil (♦), and gamma- 
irradiated samples (O). The lower half of the symmetrical error 
bars for loamy sand subsoil (•) has been omitted to avoid 
collision with the horizontal axis. 
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Figure 1.7. Methane consumption following the final addition. Data points 
are overall average of three measurements for each of the 
quadruplicates. Loamy sand subsoil (•), sandy loam subsoil 
(■), sandy loam topsoil (♦), and gamma irradiated samples (°) 
were examined. 
15 
points on the respective figures (Fig. 1.8a through 1.11b). This variation 
may have resulted from variable initial sizes of the bacterial populations, and 
different availability of other micronutrients in these samples. However, the 
amounts of headspace oxygen, soil moisture, and physical disturbance were 
kept as consistent as possible throughout both sets of experiments. Samples 
of subsoil sb and two gamma irradiated samples did not show any 
appreciable consumption of either methane or propane and did not respond 
to amendment with N or P. Propane oxidation in slO samples, which were 
collected at 300 to 360 cm (10-12 feet) depth intervals from a single 
sampling bore, could not be enriched without the addition of mineral 
nutrients (Fig. 1.9a). Most soil samples showing activity without nutrient 
amendment belonged to s8 (Fig. 1.8), rz (Fig. 1.10) and ss (Fig. 1.11) 
subsoils. Half of the soil samples received sufficient inorganic nitrogen and 
phosphorous to increase the concentrations of those nutrients by 10 mg/kg 
and 1 mg/kg, respectively, in each soil sample after amendment. The 
addition of these nutrients increased propane and methane oxidation in soils 
s8 and slO (Fig. 1.8a through 1.9b). These samples (s8 and slO) taken 
from two different depths at the same location would appear to offer an 
opportunity to examine the possible effects of subsoil depth and respective 
copper and lead concentrations on the enrichability of alkane oxidation. 
The probability of propane oxidation in the second set of subsoils were 
tested applying a linear regression method. This method used a value equal 
to the mean of three measurements for each of the quadruplicate bottles 
16 
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Figure 1.8. Percentages of four additions (marked with Arabic numerals) 
of approximately 1% propane in air (vol/vol) and 3% methane 
in air (vol/vol) that remained after selected incubation 
periods. 
a) Propane; Symbols (•) and (A) show averages of three measurements 
each quadruplicate unamended and duplicate nutrient- 
amended samples of s8 subsoil, respectively. 
Continued next page. 
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Figure 1.8. Continued. 
b) methane; Each addition was made through a complete replacement of 
headspace gases with a new atmosphere. Symbols (•) and 
(▲) show unamended and nutrient-amended samples of s8 
subsoil. 
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Table 1.5. Duncan's New Multiple Range Test (0.05) among 
measurements for one and two weeks after the 4th 
addition of propane to samples of s8. 
Week Amendment Ranked Means Association letter3 
2 + b 45.84 A 
1 + 77.09 AB 
2 - 83.25 B 
1 
3i\ /i__ i 
85.78 
iq lot+or ora nnt cinnifi 
B 
irantlx/ Hifforcsnt 
’Duplicate samples are used in this comparison (n = 8). 
Table 1.6. Duncan's New Multiple Range Test (0.05) among 
measurements for one and two weeks after the 4th 
addition of methane to samples ofs8 for n = 16. 
Week Amendment Ranked Means Association letter 
2 + 48.44b A 
1 + 50.86 A 
2 - 78.25 A 
1 - 79.78 A 
aMeans followed by the same letter are not significantly different. 
bStudent's T-test finds this value significantly different than other three means at 
oc = 0.05. Deviation from normality for all of the dataare reportedabove. 
19 
Figure 1.9. Percentages of four additions (marked with Arabic numerals) 
of approximately 1 % propane in air (vol/vol) and 3% methane 
in air (vol/vol) that remained after selected incubation 
periods. 
a) Propane; Symbols (•) and (▲) show unamended and amended samples of 
slO subsoil. Error bars for (▲) are formatted away from X- 
axis. 
Continued next page. 
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Figure 1.9. Continued. 
b) Methane; Symbols (•) and (A) show unamended and amended samples of 
slO. Error bars for (A) are formatted away from X-axis. 
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Table 1.7. Duncan's New Multiple Range Test among propane 
measurements in slO samples 7 days after each addition. 
Addition Amendment Ranked Means Association letter" 
4th + 42.31 A 
1 St - 90.91 B 
2nd - 94.56 B 
4th - 94.99 B 
3rd - 95.67 B 
aMeans followed by the same letter are not significantly different [P < 0.05). 
Table 1.8. Duncan's New Multiple Range Test among methane 
measurements 7 days after each addition to unamended 
samples of slO subsoil. 
Addition of gas Ranked Means Association letter" 
4th 81.33 A 
2nd 88.06 AB 
1 St 94.43 B 
3rd 96.76 B 
"Means followed by the same letter are not significantly different (P < 0.05). 
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Figure 1.10. Percentages of four additions (marked with Arabic numerals) 
of approximately 1 % propane in air (vol/vol) and 3% methane 
in air (vol/vol) that remained after selected incubation 
periods. 
a) Propane; Symbols (•) and (A) show unamended and amended samples of 
rz subsoil. Error bars for (A) are formatted away from X- 
axis. There was no propane loss from controls (data not 
shown). 
Continued next page. 
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Figure 1.10. Continued, 
b) Methane loss. 
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Table 1.9. Duncan's New Multiple Range Test (0.05) among the gas 
measurements of propane for rz subsoil samples one week after 
each addition. 
Propane addition Amended Ranked Means Association letter* 
4th + 55.30 A 
4th - 56.28 A 
2nd - 78.94 A 
3rd - SO.42 A 
1 St - 86.32 A 
•Means followed by :ne same letter are not significantly different. 
Table 1.10. Duncan’s New Multiple Range est (0.05' among the gas 
measurements o; propane for rz subsoil samples one and two 
week after fourth addition. 
Sample 
Set 
Amended week Ranked 
Means 
Association letter* 
2 + 2 25.583 A 
2 + 1 48.53 A 
1 - 1 56.28 A 
1 - 2 55.30 A 
•Means followed by the same letter are not significantly different. 
rLarge variation between quadruplicates produce a large standard deviation. 
This value is significantly different than week one measurement for both sets 
at P =0.05 using Student r-test. 
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Figure 1.11. Percentages of four additions (marked with Arabic numerals) 
of approximately 1 % propane in air (vol/vol) and 3% methane 
in air (vol/vol) that remained after selected incubation 
periods. 
a) propane; Symbols (•) and (A) show unamended and amended samples of 
ss subsoil. 
Continued next page. 
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Figure 11. Continued. 
b) Methane; Symbols (•) and (▲) show unamended and amended samples of 
ss subsoil. 
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Table 1.11. Duncan’s New Multiple Range Test (0.05) among the gas 
measurements for one week after each addition of the gas to 
samples of ss subsoil. 
Addition 
of propane Amendment 
Ranked Means Association letter3 
4th - 38.36 A 
4th + 47.87 A 
3rd - 57.97 AB 
1 St - 64.34 AB 
2nd - 79.30 B 
3Means followed by the same letter are not significantly different. 
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Table 1.12. Parameters of a linear regression test for methane 
measurements of two subsoils. 
Subsoil Slope r P 
s8 -3.936 -0.642 <0.007 
si 0 -3.059 -0.428 <0.098 
rz -3.0587 -0.426 <0.102 
ss -8.689 -0.401 <0.099 
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repeated after the late, low outliers in the results for both ss and rz were 
excluded to avoid both the violation mentioned above and any unjustified 
claim of greater success of the enrichment process than probably occurred in 
either of the two treatments. These excluded samples showed much higher 
propane consumption than any other microcosm within each set of four (Fig. 
12). Thus, more accurate measures of the degree of success of these 
enrichments, although with a lesser slopes, were found using reduced data 
sets for ss and rz subsoils (Table 1.13 and Fig. 12). Overall, three soils (s8, 
ss and rz) seemed to offer some evidence of enrichment over 5 weeks. The 
use of regression to analyze these three sets of data for the presence and 
enrichment of propane-oxidation in these subsoils was justified since the 
distribution of data approximates a normal distribution for each subsoil. For 
example, no significant skewness or kurtosis was observed for the residuals 
of the regression for data on propane in subsoil s8. Accordingly, the high 
degree of statistical significance reported for that soil, P <0.001 (Table 
1.13) represents the best evidence available that enrichment of propane- 
oxidizing activity occurred in subsoil s8. 
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Table 1.13. Two coefficients of departure from normality and parameters of 
a regression line for each type of subsoil (n = 1 6) during 
incubation at the presence of 1% propane and air mixture. 
Residual 
Slone r P O U D S 011 
su Ku 
s8 0.507 3.078 -4.113 -0.845 <0.001 
si 0 -1.332* * 5.111° 1.333 0.309 <0.244 
rz -1.352** 5.431° -8.864 -0.461 <0.0723 
rzb -0.099 2.294 -3.733 -0.334 <0.224 
ss -0.937* 3.330 -9.927 -0.530 <0.0347 
ssb 0.468 2.323 -5.874 -0.433 
n m \ 
<0.107 
Wl Jl II MWWI I k \ ^ ' "O' ” / 
aDetailed calculation of Su and Ku, unbiased coefficients of skewness and 
kurtosis, are given in appendix A (D'Agostino and Tientjen, 1971). 
bData exclude the late, low outliers (n = 1 5). 
Significant values for the coefficient of kurtosis. 
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Figure 1.12. Regression lines of best fit showing the relationship between 
the percentage of propane remaining 7 days after the most 
recent replenishment of the headspace atmosphere with fresh 
1% propane in air and total number of times that propane has 
been introduced into that microcosm. A regression analysis 
applied to all of the data left leptokurtotic residuals (•), 
however, exclusion of a single low, late value (O) eliminated 
the leptokurtosis but resulted in a lower slope, significant of the 
regression line (dashed line). 
2 3 
Propane addition 
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added methane remaining in nutrient-enriched subsoil s8 (42%) was twice 
the average percentage (20%) remaining in all other nutrient-amended 
subsoils (except sb, which showed no alkane use) by the end of the 
incubation. Lead may also have had some effect on methane uptake. 
Subsoil ss contained far more lead than any other subsoil (Table 1.2). The 
average percentage of added methane remaining in nutrient amended subsoil 
ss after 15 days of incubation (white bars in Fig. 1.9b) was 35%, and the 
average remaining methane in nutrient-amended subsoils slO and rz was just 
13% of the initial methane. However, the data obtained is inconclusive 
about both effects, and in detail examination of these factors requires further 
studies. 
Discussion and conclusions 
The stoichiometry of propane oxidation suggests that its use during the 
initial enrichment phase for the first set of soils could have been limited by 
the availability of oxygen in the headspace of these microcosms, if little 
propane-carbon was incorporated into biomass. However, its total 
degradation during the first incubation period (24 days) does not support this 
assumption, and the consumption of 1 % propane from a atmosphere with 
20% oxygen (Fig. 1.4) would be most unlikely to be 02 limited. It is 
possible that the absence of other nutrients such as nitrogen was the main 
limiting factor during the second and third incubation periods. This 
possibility is suggested by the differences observed in propane degradation 
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between the topsoil and two subsoil samples (Fig. 1.1 through 1.4), since 
the availability of many nutrients would be expected to be higher in topsoil 
which would permit greater consumption of propane. The observed increase 
in the concentration of carbon dioxide testifies to the presence of an active 
microbial community in the soil samples during these incubation periods 
(Data not shown). 
Fig. 1.8 through 1.11 supports the general observation that propane 
oxidation and its enhancement within replicates of the second set of subsoils 
were not consistent. However, two subsoils, rz and ss were usually easily 
enriched for propane oxidation. These two subsoils were texturally different, 
contained varying initial amounts of nitrogen and phosphorous, and were 
exposed to quite different contaminants. 
Propane oxidation seemed less sensitive to inhibition by lead in the ss 
subsoil than was methane oxidation. From the limited data available for the 
fate of propane in subsoil s8 (Fig. 1.10), propane utilization does not seem 
greatly more sensitive to copper than is methane oxidation (Henry and 
Grbic'-Galic' 1991). Thus, the oxygenases produced were presumably 
different than the soluble methane monooxygenase (sMMO) produced by 
methanotrophs (Koh et al. 1993). The activity of sMMO type enzymes can 
be measured and optimized (Brusseau et al. 1990, Bowman and Sayler 
1994) and have been shown to be inhibited by the presence of either copper 
(Colby et ai 1977) or the intermediates of TCE and Trichloroehtane (TCA) 
dechlorination reactions (Alverz and McCarty 1991, Broholm et al. 1990). 
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The results reported here suggest that future research could profitably 
be directed into a more detailed exploration of the relative sensitivities of 
methane and propane oxidation to copper in particular and to heavy metals 
in general. This information could prove valuable if the use of methane for 
the induction of oxygenases with useful cooxidative properties proves to be 
restricted by heavy metal toxicity in many fieid situations. 
The amount of organic matter in subsoils by itself did not affect the 
success of these enrichments, despite the fact that it was expected to 
induce positive effect (Chih-jen et al. 1991). High number of total bacterial 
cells per gram of soil were initially found in the two subsoils with highest 
organic contents, ss and rz . Propane and methane oxidation levels were 
higher in most of the slO samples (0.31 % O.C.) than in the s8 (2% O.C.) 
samples (Fig. 1.10) which may result, in part, from the higher nitrogen 
concentration in the slO subsoils. Furthermore, the differences in copper 
concentration should also be considered in any comparison of the two 
subsoils. 
Even small alkanes such as those used in this study seem to follow two 
generalizations that can be made from studies of petroleum-derived 
hydrocarbon biodegradation. Nitrogen amendments have enhanced 
biodegradation of several hydrocarbons such as toluene, A77-xylene, JP-4 jet 
fuel, and many other petroleum hydrocarbons (Baker et al. 1994, 
Ghaemghami et al. 1993, Hutchins et al. 1991). Similarly nutrient addition 
permitted many of the samples of subsoil s8 and slO to use methane or 
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propane, although no samples of either subsoil used either gas without the 
benefit of added N and P (Fig. 1.10 andl .11). The literature is also replete 
with reports of soils and subsoils in which petroleum hydrocarbon 
degradation was essentially unaffected by inorganic nutrient addition 
(Swindoll 1988). Similarly, subsoils rz and ss were easily enriched for 
propane oxidation whether or not N and P were added. 
The objective of this study was to evaluate the possibility of increasing 
the populations of propane oxidizers in soils by applying an enrichment 
method. As was found to be the case with methane, simple addition of 
propane does not appear to guarantee enrichment of large populations of 
active, propane-consuming microbes in soils and subsoils. Some subsoils 
seem to require additions of nutrient nitrogen and/or phosphorus before 
active consumption of either methane or propane could occur. Some soils 
were more readily enriched for propane consumption than for methane use if 
heavy metals such as copper and lead prove to be more inhibitory for the 
latter process. The ease of enrichment of propane consumption did not 
appear to be associated with differences between soils and subsoils in 
texture, organic matter, or prior history of exposure to organic contaminants. 
Application of this method with methane instead of propane produced a set 
of samples to serve as positive controls. This study is the first to report the 
enrichment of propane oxidation in a variety environmental soil samples 
containing copper or lead and exposed to BTEX or DNAPLs. 
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CHAPTER 2 
ISOLATION AND CHARACTERIZATION OF PROPANOTROPHS 
Introduction 
Soil microorganisms capable of degrading halogenated and non- 
halogenated hydrocarbons of environmental concern have recently received a 
great deal of attention since they have potential application in bioremediation 
processes such as bioaugmentation. Bacteria (including actinomyces) and 
fungi have been shown to attack various xenobiotic compounds (Haggblom 
et a/. 1989, Winter and Zimmermann 1992). Microorganisms with such 
abilities have been isolated and classified using different morphological, 
phenotypic, and chemotaxonamic characteristics (Holt et at. 1994, Briglia et 
a/. 1996, Apajalahti eta/. 1986, and Nohynek et a/. 1996). In recent years 
the generic and specific identities of a soil or marine isolate have commonly 
been established from the nucleotide base sequences of its rRNAs and its 
whole-cell, fatty acid patterns (Holben eta/. 1992, Van Elsas and Waalwijk 
1991, Andrews and Patel 1996, and Vauterin et a/. 1996). For example, 
whole cell fatty acid analysis has been successfully employed for 
identification of clinical mycobacterial strains and yeast (Blignaut et a/. 
1996). 
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This study has utilized the capacity of some soil bacteria to grow solely 
on propane as an isolation tool to gather a large number of potentially novel 
soil bacteria. The isolated strains of bacteria were then studied to obtain a 
better understanding of their other capabilities, individual characteristics, and 
likely relationships to established bacterial species. 
Materials and methods 
A general purpose, relatively non-selective medium, Trypticase Soy (T- 
Soy), was used for isolation and purification. Isolation involved serial 
dilution of subsamples of subsoils previously enriched for propane oxidation 
(Chapter 1). A 5-g sample of each subsoil was used. Identification of these 
strains of bacteria involved a succession of staining and general biochemical 
examinations such as catalase and oxidase tests. The motility of the isolates 
was used as a second distinguishing characteristic to focus on a smaller 
group of these isolates. Each motile propane oxidizer was then tested for its 
ability to grow solely on each of the two isomers of propanol as sources of 
carbon and energy. Electron micrographs were prepared to study cell shape, 
presence and location of single or multiple flagella, and any unique 
morphological characteristics. Only negatively stained whole-cell 
examinations of these isolates were completed. Cell division was also 
observed for a set of the isolates using this method. 
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Isolation 
A serial dilution of each subsoil sample was prepared using a pH 7 
phosphate buffer solution. A 10-ml well mixed aliquot of each of the two 
most diluted samples of each soil was placed in a serum bottle with a 
headspace mixture of 10% (vol/vol) propane in air (10 ml minimum mineral 
medium, 27 ml headspace volume) containing the following per liter: KH2P04 
0.2 g, Na2HP04 0.1 g, and 0.2 mg each of NH4N03, MgS04, Fe(N03)3, 
and CaS04 and 0.02 mg of each of yeast nitrogen base and Na2Mo04. 
The equilibrium concentration of propane dissolved in the medium was 
calculated using a Henry's Law constant of 15.16 atm-liter-g*1 at 25°C. 
Headspace gases were replenished every three days. Some of these 
samples were highly turbid after two weeks indicating the probable presence 
of propane oxidizers. Serum bottles that contained isolates with confirmed 
(by GC/FID analysis as described in Chapter 1) propane-oxidation ability were 
subjected to the purification steps described below. 
Purification 
A dilution series was prepared from each of the set of serum bottles 
containing a mixture of propane-grown microorganisms. A 1-ml sample from 
each of the three most diluted bottles maximum dilution of 105 of each 
dilution series was used as an inoculum for a T-Soy plate. Both pour plates 
and spread-plates were prepared. After incubation, most of the plates 
r 
contained a maximum of three kinds of colonies that could be distinguished 
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on the basis of colony morphology or pigmentation. These colonies were 
then removed and individually placed in sterile serum bottles containing a 15- 
ml volume of the minimum mineral medium. Headspace contents of the 
serum bottles were replaced frequently with the same volume of the propane 
and air mixture during two weeks of incubation on a rotary shaker at 
ambient temperature. Serum bottles with discernible turbidity were selected 
and others with no evidence of growth were discarded. A 2-ml volume of 
each of the selected cultures was then added to 10 ml of T-Soy broth in a 
20-ml test tube. The tubes were incubated for 3 days. Streak plates were 
then prepared to determine the purity of each culture that was transferred 
from the test tubes. These plates were well dried to avoid possible cross 
contamination between the individual colonies on each plate. It is known 
that certain motile flagellated bacteria can rapidly spread over a plate, but 
they are most likely to be immobilized on well-dried plates. Each selected 
colony was again checked for capability to use propane in a series of serum 
bottles as explained above. The number of pure bacterial cultures was then 
51. 
Each of the isolates selected for further studies was transferred to a 
well-dried T-Soy plate. The inoculum for each plate was a single colony or a 
part of it that was removed and used for streaking new plates. These plates 
were observed after incubation for 72 hours. 
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Characterization 
Traditional microbiological tests have been designed to identify 
microorganisms for medical and public health purposes. Presently, 
microbiologists use those tests in addition to a set of new tests such as 
sequencing rRNAs, hybridizing DNA, and observation of pure cultures under 
the electron microscope. Many of the traditional tests serve as tools of 
dubious significance for characterization or identification of soil bacteria. 
Some general purpose tests were chosen for this study to gain a partial 
understanding of the bacterial community in the enriched soils. A subset of 
the additional tests such as gas production, growth in the absence of NaCI, 
and indole production were applied to all of the isolates. 
Morphology. Cell aggregates (small clumps, large floes, and sheets of 
cells) were formed in liquid cultures of each individual isolate within a short 
period of time in the presence of the propane and air mixture. The nature 
and location of the aggregates within the medium were noted as additional 
characteristics of the isolates. Pour-plates were prepared using a subculture 
of the growth from each serum bottle and were incubated at 23°C for 72 
hours. Agar streak plates were also prepared after serial dilution. After 
three days, the streaked-plates were examined to determine colony 
morphology, rate of growth, and any characteristics that had not been 
recorded earlier. 
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Growth substrate. The fast-growing propane oxidizers (colonies that 
developed within 24 hours) were tested for ability to use propane, n- 
propanol, or 2-propanol as sole carbon sources. Both iso- and /7-propanol 
utilization tests used an inoculated minimal salt medium containing less than 
20 ppm of one of the alcohols for each of the isolates. Increasing turbidity 
and formation of cell aggregates in serum bottles were recorded. 
Motility test. Three consecutive tests using 2% agar plates, stab tests 
in tubes containing T-Soy agar, and phase-contrast microscopy were used to 
distinguish the motile isolates among the 51 initially isolated strains. Further 
characterization showed that only 12 isolates were motile. 
Electron microscopy. Only motile isolates were studied using electron 
microscopy. Electron micrographs were prepared from a pure culture of 
each of the 12 isolates. A suspension was prepared in 0.1 M phosphate 
buffer (pH 7.2), from which a drop was adsorbed onto a glow-discharge- 
carbon coated grid. The grid was washed with distilled water and then 
stained with 1% uranyl acetate for 25 seconds. Each grid was air-dried after 
removal of the excess staining solution and were then examined in a Philips 
CM 10™ transmission electron microscope at 100 KV accelerating voltage. 
A series of electron micrographs was prepared to observe cell shape and 
size, flagella attachments, cell membrane, steps in cell division and 
intracellular characteristics. 
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Fattv Acid Methyl Ester Analyses (FAME). Whole cell fatty acid 
analyses were provided by Analytical Services, Inc (Williston, VT) for the 12 
motile propane-degrading isolates. These analyses included comparison of 
the FAME profile of each isolate to two different data base: a general 
bacterial database (TSBA) and a more specialized clinical database. The 
indices of similarity of the propane degraders were never much greater with 
the clinical data base than with the general database. Consequently, indices 
of similarity with the general database are reported here (Table 2.4), in as 
much as the 12 motile propane degraders were not clinical isolate. 
Plasmid screening. Motile isolates were screened for the presence of 
plasmid using SDS-Agarose gels and electrophoresis. The plasmid-screening 
method described by Wheatcroft & Williams (1981) was used. 
Results 
A total of 51 propane-oxidizing bacteria were isolated (Table 2.1) from 
the previously enriched subsoils described earlier (Chapter 1). Colony 
morphology of these isolates was the first differentiating character among 
them. For example, some isolates produced diffusible pigments that altered 
the color of the agar medium. Such pigments produced a dark-brown color 
on plates that were inoculated (streaked) with isolate 7, 35, or 36. A 
diffusible dark green pigment was produced by isolate 25. Isolates 17 and 
17a came from a single colony on the original plates spread with soil 
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Table 2.1. Colony shape and color for a selected set of the isolates . 
Isolate Color a Elevation Margin Shape b 
1 Yellow Raised Ciliate Round 
2 Yellow/beige Raised Wooly Round w/raised margin 
7 Brown Flat Wavy Wrinkled 
8 Beige Raised Smooth Round 
10 Yellow (dry) Flat Wavy Round 
11 White Raised Wavy Round 
13 Yellow/beige Flat Irregular Concentric 
17 Pale yellow Flat Wavy Round 
17a Orange Raised Smooth Round 
19 Beige Raised Smooth Round 
21a Yellow Raised Smooth Round 
21b Green Raised Smooth Round/concentric 
21c Green Raised Smooth Round/concentric 
22 Yellow/green Raised Smooth Round 
25 Beige/green Flat Wavy Concentric/ scalloped 
27 White Raised Lobate Irregular and spreading 
35 Dark- brown Raised Smooth Round 
36 Dark- brown Raised Smooth Round 
°Colors were observed under dissecting microscopes and natural light. 
^Colony shape was recorded for isolates harvested from well dried streak plates. 
Table 2.2. Subset of characterization tests (propane oxidizers). 
No. Soil3 Gramb Oxidase Catalase 
Gas 
production 
0% (w/v) 
NaCI 
Cell 
shape3 
1 si 0 - + - - + SMALL ROD 
2 sb - + + - + RODS 
3 rz + + + - + Cocci 
4 rz + + + - + Cocci 
5 ss + + + - + SMALL ROD 
6 rz - + - - + RODS 
7 si 0 + /- + + - + RODS 
8 s8 + + + - + Cocci 
9 ss - + + - + Cocci 
10 ss - + + - + Cocci 
11 si 0 - + + - + Cocci 
12 rz + + + - + Cocci 
13 rz - - - - + SMALL ROD 
14 rz - + + - + SMALL ROD 
15 s8 - + + - + RODS 
16 si 0 - + - - + RODS 
17a s8 + /- + + - + RODS 
17 s8 - + - - + Cocci 
1 8C s8 + + + + + MIXED 
20 rz - + /- + - + SMALL ROD 
21a ss - + + - + SMALL ROD 
21b ss - - + - + 
SMALL ROD 
21c ss + + + - + 
Cocci 
22 ss - + + - + 
Cocci 
23 slO + + + 
- + rods 
24 slO + - + - + 
Cocci 
25 si 0 + + + - + 
rods 
45 
Table 2.2 continued 
Cell 
No. Soil3 Gramb Oxidase Catalase 
Gas 
production 
0% (w/v) 
NaCI 
shape3 
26 sb + /- + + - + MIXED 
27 rz - + + - + RODS 
28 ss - + - + + RODS 
29 ss - + - • + Cocci 
30 rz - + + - + SMALL ROD 
34 ss - + + - + Cocci 
P2 d rz - + + - + MIXED 
P3 si 0 - + + - + Coccp 
P5 si 0 + - - - + RODS 
P6 sb - + + - + SMALL ROD 
P7 rz - + + - + RODS 
P10c s8 - + + - 
4- RODS 
P11 sb - + + - + MIXED 
PI 2 sb - + + - + RODS 
PI 8 s8 - + + - + RODS 
P20 ss - + + * + Cocci 
P22 sb - + + - + SMALL ROD 
P23 ss + + - + - Cocci 
P24 si 0 + + - - + rods 
P26c si 0 - + - * + 
RODS 
P27 si 0 - + + + + 
Cocci 
P29a sb + + + - 
+ Cocci 
P32 rz + + + 
- 4- Cocci 
P41 rz + + + 
- + Cocci 
hese subsoils are described in chapter 1. 
b Gram Staining. 
c These isolates are indole positive. 
d Previous labelling 
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Table 2.3. Growth of isolates using /7-propanol or 2-propanol. 
No. S/F/Ba Turbidity Aggregate morphology 
1 S H Sheenc 
2 F H Sheet and flocculated 
3 F H Flocculated 
4 S H Particulate 
5 F M Particulate 
6 S H Sheen 
7 F M Flocculated 
8 B H Sheet 
9 F H Flocculatedd 
10 F M Flocculatedd 
11 B H Flocculated 
12 F H Sheet 
13 F L sheen 
14 F H Sheet 
15 B H Sheet 
16 F H Particulate 
17a F H Particulate 
18 B H Particulate 
20 F H Sheet 
21c F H Sheet 
21b F M Flocculatedd 
21a B H Particulate 
22 F M Flocculated 
23 B H Particulate 
24 F M Flocculated 
25 S L Sheen 
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Table 2.3 continued 
No. s/f/ba Turbidity. Aggregate morphology 
26 s h Sheen 
27 B H Sheet 
28 B/F H Particulate 
29 F L Sheetd 
30 F H Flocculated 
34 B H Sheet 
d Aggregate was formed at s: surface, F: floating, and B: bottom 
within the medium. 
b Turbidity h: highly, m: medium, and l: low. Turbidity was not developed 
in the absence of these substrates. 
c Thin layer at the medium and headspace interphase. 
d Growth adhered to glass. 
48 
Figure 2.1. Negatively stained whole cells of isolate 2 with three flagella. 
Bar represents 500 nm. 
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Figure 2.2. Electron micrograph of negatively stained cells of isolate 14 
showing peritrichous flagellation. Flagella structure and its 
insertion to a rod-shaped cell. Cell surface is lightly wrinkled. 
Bar = 1 fjm. 
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Figure 2.3. Coupled cells of isolate 1 5 were common throughout the grid 
observed under the electron microscope, (a) Negatively stained 
cells of the isolate with attached outer membranes. These two 
cells posses subpolar and lateral flagella. Bar = 1 //m. 
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Figure 2.4. Electron micrographs of isolate 16. Late polar cell division is 
known using negative staining. Bar = 1 //m. 
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Figure 2.5. Electron micrographs of isolates 17 (top), and 17a (bottom). 
Both cells are negatively stained showing a number of flagella. 
Isolate 17 has polar flagella and presence of cell inclusions is 
suspected. Cells of isolate 17a were slightly cured with 
wrinkled surfaces. Bar = 1 /ym. (b) 
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Figure 2.6. Negatively stained electron micrographs of isolates 21a (top), 
21b (bottom right) and 21c (bottom left). Only isolate 21a is 
peritrichously flagellated. Bars are 1 /ym. 
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Figure 2.7. Four negatively stained preparations of isolate 34. A single 
cell with approximate length of 2.5 /vm with cell inclusions 
present inside and outside of the cell (top left). Multiple cells of 
the isolate in which there is a lighter stained circle inside the 
cell possibly represents a vesical (top right). Bar = 1 /vm. Cell 
inclusions with distinct wrinkled shape and an apparent 
membrane are present in lysed cells and individually outside 
cells (bottom left and right). Bar = 500 nm. 
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Figure 2.7. Continued. 
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Fig. 2.8. Screening of plasmids in bacterial isolates by 
electrophoresis using two plasmid molecular markers. 
The respective column of each isolate is indicated using 
numbering sequence from Table 2.3. 
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dilutions. Isolate 17a produced reddish orange colonies with irregular 
margins while isolate 17 formed very pale yellow colonies with smooth 
margins. 
Table 2.3 summarizes the observations obtained during tests with two 
new growth substrates, /7-propanol and 2-propanol. Most of the isolates 
could rapidly multiply using 2-propanol except isolates *17a, 21c, and 28. 
For these three isolates growth followed a lag period. The second 
differentiating feature between these isolates was the formation of various 
types of aggregates, such as thin surficial layer (sheen), powdery particulate 
and glass-adherent flocculates, during growth on the alcohols (Table 2.3). 
Electron micrographs (Fig. 2.1 through 2.7) provide more information 
on cell morphology and flagellation of these isolates. As expected, all of 
these isolates are rod shaped and have one or more flagella. The observed 
position of flagellum attachment differs among these isolates. For example, 
isolate 2 (Fig. 2.1) has three lateral (non-polar) flagella while isolates 15, 17, 
21c (Fig. 2.3, 5a, and 6c) have polar or subpolar flagella. The presence of 
polar flagella attachment was also observed for isolate 34 (Fig. 2.7). 
A detailed examination of the cell covering and its layers including cell 
walls and membranes requires preparation of thin-section electron 
micrographs. However, the negatively stained whole-cell electron 
micrographs of some of the isolates presented here show a feature that is 
usually seen only in stationary phase Gram-negative cells: a dark band 
around the outer margin of the cell (Kandler 1994, and Holts eta/. 1994). 
67 
For example, in Fig. 2.2a, a darker layer possibly indicated the presence of a 
thin cell wall between the outer and cytoplasmic membranes of isolate 14, 
where as no such dark oout band is present in isolate 34. 
Inclusion bodies were observed in cells of isolates 17, and 34. These 
inclusions were much more abundant in cells of isolate 34 (Fig. 2.7), and 
their integrity was not disturbed even after its cells were lysed. Fig. 2.7b 
and 2.7c show these inclusions as having a variety of sizes. Although, the 
exact calculation of size of each inclusion body is not possible, the estimated 
size is given in the legend for Fig. 2.7. 
Generally, cell division seems to follow the common steps described for 
Escherichia co/i and other Gram-negative bacteria in most of these isolates 
(Holts et ai. 1 994, Moat and Foster 1 995). For example, Fig. 2.4 seems to 
show a nice example of polar cell division. 
Plasmid screens for these isolate are shown in Fig. 2.8. Plasmids were 
expected in these isolate since they were obtained from contaminated 
subsoils (Table 2.2). More than half of these motile isolates contained 
plasmid(s) including isolate 22 and 34 that apparently had two or more 
plasmids. The limited availability of markers restricted the range of plasmid 
sizes that could be studied. Nevertheless, results of the screening were 
comparable to those observations reported by Day et a/. 1988, and 
Fredrickson et a/. 1988. 
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The result of FAME analyses were compared (Table 2.4) to the data 
obtained using conventional biochemical tests and electron microscopy. In 
table 2.4, a " + " entry indicates an agreement between the conventional test 
results and the properties expected of a bacterium with the identity predicted 
by FAME analysis. Otherwise a is used. For example, FAME analysis 
identified isolate 2 as a Variovorax paradoxus strain with a similarity index of 
0.79. This identification was in agreement with observations obtained 
through tests such as Gram-staining, electron microscopic examination of 
the location of flagella attachment, and catalase production. Two isolates, 
14 and 15 were identified as Pseudomonas putida species according to 
FAME. However, the expected flagella attachments differed (Table 2.4) 
from those observed in utilizing electron micrographs (Fig. 2.2 and 2.3). 
Results for isolate 22 do not appear in Table 2.4 because no plausible match 
with its FAME profile was found in the databases referenced during the 
analyses. 
Discussion and conclusions 
Characteristics of species of the genus Pseudomonas such as P. 
aeruginosa, P. stutzeri, P. cepacia G4 (newly transferred to the genus 
Burkhoideria), and P. putida and their capabilities to degrade xenobiotic 
compounds are well documented (Holts et ai. 1994, Cinzia et al. 1997, 
Folsom et ai. 1991, Folsom and Chapman 1991, Shields et ai. 1989, Landa 
etal. 1994, Wackett and Gibson 1988, and Wackett and Householder 
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1988). Generally, members of the genus are straight or curved Gram¬ 
negative rods, motile by polar flagella, chemoorganotrophs, catalase and 
oxidase positive, and aerobic (Brock and Madigan 1984). The number of 
polar flagella is considered important for taxonomic purposes when the 
results are obtained under well controlled conditions. For example, P. 
aeruginosa, P. stutzeri, and P. alcaligenes reportedly have one flagellum 
(Palleroni 1984). The result of both catalase and oxidase production tests 
on isolate 17 completely disagreed with the reported characteristics of the 
predicted identity by FAME analyses (Balows et al. 1992), where the related 
similarity index (Table 2.4) was also low. On the other hand, a very high 
similarity index (0.91) was found where there was a unanimity within the 
results of different tests and FAME analyses for isolate 25, which was 
identified as a P. aeruginosa (Table 2.2 and 2.4). 
Isolates 14 and 15 were tentatively identified by FAME analyses as 
Pseudomonas putida with similarity index (S.l.) of 0.59, and Pseudomonas 
putida biotype B with S.l. of 0.61 (Table 2.4). However, these 
identifications seemed questionable when they were compared to other test 
results; for example, the expected number of flagella (> 1) and their 
attachment mode (polar only) for Pseudomonas putida are in disagreement 
with our observations (e.g., in Fig. 2.2) of numerous polar and subpolar 
flagella. Three of the isolates (21a, 21b, and 34) had fatty acid profiles with 
some similarity to those of two former members of the genus Pseudomonas: 
Comamonas acidovorans, Burkholderia pickettii, and Stenotrophomonas 
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maltophilia, respectively (Table 2.4). Unfortunately, the SI values for these 
isolates 21a and 21b were extraordinarily low (Table 2.4) and the flagellation 
for isolate 21a was inconsistent with that expected for B. pickettii. In 
contrast, isolate 34 had an SI to S. maltophilia of 89% and had the colony 
morphology, flagellation, and reactions in catalase and oxidase tests that 
would be expected of that organism. Despite the fact that more than half of 
the names listed in Table 2.4 are current or former members of the genus 
Pseudomonas, the group of propane-degrading organisms isolated for this 
study were not dominated by "classical pseudomonads". 
Our results raise the possibility that some members of the 
Enterobacteriaceae, facultatively anaerobic, Gram-negative rods, such as 
species in the genera Salmonella and K/uyvera (isolates 16, and 17) can use 
propane, propanol, and 2-propanol as sole sources of carbon and energy. 
This is the first report of such capability for this type of bacteria. However, 
at least one isolate (17a), a strain of Rhodococcus rhodochrous, has been 
studied closely due to its potential use in environmental restoration 
processes (Haggblom et al. 1989, Winter and Zimmermann 1992). This 
isolate belongs to Group VI of the actinomycetes, namely the nocardiaforms 
(Goodfellow et al. 1973, Goodfellow and Schaal 1979, Goodfellow and 
Minnikin 1981, Goodfellow and Minnikin 1984) which includes many 
hydrocarbon utilizers (Goodfellow and Alderson 1977, Brock and Morgan 
1985, Grund et al. 1992). Members of this genus have been reported to 
contain plasmids coding for degradation of aromatic hydrocarbons such as 
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toluene, biphenyls, and a few chlorinated organic compounds such as 
chlorinated ethenes (Grund et al. 1992). 
The genes for utilization of propane, n-propanol, and 2-propanol are 
apparently not always plasmid born, since a few of the tested isolates 
possesed no plasmids (Fig 2.8). Furthermore, the ability to utilize propane 
and two isomers of propanol was not a specific characteristic of a very 
limited number of genera. Soil bacteria such as isolates 2, 14, 15, and 21b 
may belong to families of bacteria that are frequent inhabitants of 
contaminated ecosystems , and therefore may be able to degrade a wide 
variety of xenobiotic chemicals (Allison et al. 1995, Fan and Scow 1993, 
Hopkins et al. 1993, Mergaert et al. 1993, Walton and Anderson 1990). 
This kind of capability is often plasmid encoded in species of bacteria with 
the ability to degrade a series of well- known petroleum hydrocarbons, as 
illustrated by the TOL plasmid for toluene degradation. Additionally, 
characterization tests revealed that close to a quarter of 51 propane-utilizing 
isolates were Gram positive. One of these isolates 17a had quite a high 
FAME S.l. with Rhodococcus rhodochrous species, it was catalase positive, 
and its cells were mixed cocci and rods. Despite the fact that FAME 
analyses have been widely used for identification and characterization of 
newly isolated bacteria (Urkami et al. 1995, Vauterin et al. 1996, Yang eta/. 
1993), it seems necessary that the results of these analyses should be 
confirmed utilizing other microbiological methods. 
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Propane-oxidizing bacteria have been utilized in removal of a wide variety of 
environmental contaminants (Vanderberg et at. 1995, Vanderberg and Perry 
1 993, Wackett et at. 1 989, Wilcox et al 1 995, and Wilson et al. 1 987). 
Further investigations seem to be necessary to refine the applications/use of 
this type of bacteria in environmental clean-up processes whether in situ 
type (Cohen et al. 1995) or in type of bioreactors reported by Ensley and 
Kurisko (1 994). 
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CHAPTER 3 
ISOLATION AND CHARATERIZATION OFA NOVEL SOIL BACTERIUM 
SPECIES, VARIOVORAX PROPANOTROPHICA SP. NOV. JG/A022 
Introduction 
Purple non-photosynthetic bacteria (Woese eta/. 1984) are inhabitants 
of a wide range of terrestrial and aquatic ecosystems. Rhizobium, 
Pseudomonas, and Variovorax species are often found in such ecosystems 
(Alexander 1977, Fredrickson eta/. 1991, Palleroni 1984, Willems et al. 
1 991, and Woese et a/. 1984). A well known example of these types of 
bacteria, Pseudomonas putida can reportedly utilize toluene, ethanol, n- 
propanol and two isomers of butanol (Heald and Jenkins 1994, Holts et al. 
1994, and Wackett and Gibson 1988), additionally, its toluene dioxygenase 
genes have been used to clone E. Coli (Zylstra et a/. 1989). Some strains of 
P. putida also grow on isopropanol, propane, and butane (this study, Perriello 
1997). Utilizing the capacity to oxidize propane as an selective tool, soil 
bacteria such as strains of Rhodococcus, Comamonas, Chryseobacterium, 
Variovorax and an unknown bacterial strain were isolated (Chapter 2). 
In the work reported here, this unknown bacterium has been 
characterized as a member of the beta subgroup of purple bacteria with 
similarities to the genus Variovorax, a genus recently defined by Willems et 
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a/. 1991, and Dunbar and Forney 1995. Therefore, the name Variovorax 
propanotrophica sp. nov. JGiao22 is proposed. 
Materials and methods 
Propane oxidation was stimulated in a series of different soil samples by 
propane enrichment (Ghaemghami and Simkins 1994). These enriched soils 
were used in successive serial dilutions to isolate and purify a number of soil 
bacteria able to grow on propane, isopropanol, and n-propanol (Chapter 2). A 
general purpose, relatively non-selective medium, Trypticase Soy (T-soy), 
was used in these purification processes. Strains of bacteria were then 
characterized by Gram staining and general biochemical criteria such as 
catalase and oxidase tests (Chapter 2). Further studies including plasmid 
screening, partial 16S rRNA sequencing, preparation of electron 
micrographs, and Fatty Acid Methyl Ester (FAME) analysis were carried out 
on a Variovorax strain (JGiao 22) hitherto not described. Pure colonies of 
this isolate were screened for plasmids by agarose gel electrophoresis as 
described by Wheatcroft & Williams (1981). Two profiles of known sizes of 
plasmids were included in the electrophoresis procedure to determine the 
sizes of the screened plasmids from their mobilities on the agarose gel. 
A partial sequencing of 16S rRNA was employed to define phylogenetic 
relationship of JGiao22 to a known group and subgroup of prokaryotes, 
proteobacteria. This analysis was based on the alignment of one portion of 
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Table 3.1. Motile isolates capable of growth on propane, and two 
isomers of propanol* a 
Isolate Oxidase Catalase Cell shape Colony color Pigmentation 
2 + + mixed Yellow/beige + 
14 + + short rods Yellow/beige + 
JGiao22 + + short rods Olive + 
Table 3.2. Fatty Acid Methyl Ester analysis, and Gram staining of 
each isolate.3 
Isolate Gram Strain 
Similarity 
index 
2 - Variovorax paradoxus 0.79 
14 - Pseudomonas putida 0.59 
JGiao22 - unknown 
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the 16S rRNA sequence (350 bases) to calculate evolutionary distances that 
can be converted to dendrograms using programs such as the least-square 
distance algorithm of Fitch and Morgoliash (1967), and the maximum- 
likelihood model of nucleotide substitution. Similar partial rRNA sequencing 
methods have been utilized for phylogenetic inferences of other bacteria 
including Pseudomonas stutzeri and Rhodococcus ch/orophenolicus 
(Bennasar et al. 1996, Busse et al. 1992, Haggblom et a/. 1994, Lane et at. 
1992, and Rainey and Wiegel 1996). 
Electron micrographs were taken of harvested cells from a pure culture 
of the isolate. A suspension was prepared in 0.1 M phosphate buffer (pH 
7.2), from which a drop was adsorbed onto a glow-discharge-carbon coated 
grid. The grid was washed with distilled water and then stained with 1% 
uranyl acetate for 25 seconds. Each grid was air-dried after removal of the 
excess staining solution. Additionally, two different treatments were applied 
to prepare sectioned samples: conventional chemical fixation and Ruthenium 
red treatment (Fassel et al. 1990, Barber et al. 1993). Each set of the 
samples of the two treatments was sectioned with a diamond knife on a 
Reichert-Jung Ultracut E™ microtome which produced 80-100 nm thick 
sections to be collected on copper grids and stained with 2% unicryl acetate 
and lead citrate. Conventional chemical fixation with 2% glutaraldehyde in 
0.1 M sodium cacodylate buffer (pH 7.4) was followed by 1% osmium 
tetroxide for post fixation in the same buffer solution. The bacterial pellets 
were dehydrated in a graded series of ethanol solutions at room temperature 
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and embedded in a L. R. White™ acrylic embedding medium prior to 
polymerization at 60°C. The extracellular proteins were observed with a 
staining process described by Fassel et a/. (1990) that differed from the 
conventional techniques noted above, in the dehydration and the use of 
Ruthenium red throughout the procedures. All samples, including negative 
stained cells and two sets of sectioned cells, were examined in a Philips CM 
10™ transmission electron microscope at 100 KV accelerating voltage. A 
series of electron micrographs was prepared to observe cell shape and size, 
flagella attachments, cell membrane, steps in cell division and intracellular 
characteristics. 
Analytical Services, Inc (Williston, VT) performed computerized FAME 
analyses of ten propane degrading soil isolates previously reported (Chapter 
2). These bacteria included strains of Variovorax paradoxus. Pseudomonas 
putida, Rhodococcus rhodochrous, Comamonas acidovorans, and 
Chryseobacterium ba/ustinum (Table 2.3). Strain JGiao22 was further 
studied and the results are reported below. 
Results 
A number of bacteria capable of utilizing propane and two isomers of 
propanol are included in the following results. These isolates are provided 
for purposes of comparison with Variovorax propanotrophica JGiao22 in 
FAME and electron microscopy studies. Agrose gel electrophoretic plasmid 
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profiles are shown for several of these strains in Fig. 3.1, in which two 
plasmid bands for JGiao22 can be seen. 
Fig. 3.2 is a transmission electron micrograph of a negatively stained 
preparation of JGiao22 showing the wrinkled cell surface and lateral flagella. 
Flagella attachments and their clock- or counterclock-wise rotation due to 
chemotactic conditions have been studied for several motile bacterial species 
including some norcardiform bacteria (Moat and Foster 1995, Mordarska and 
Goodfellow 1972). The isolate also formed round colonies on T-Soy agar 
plates with a smooth margin which matched the colony morphology 
described for V. paradoxus by Willems et at. 1991. Its swarming type of 
motility was observed during growth on T-Soy plates with 2 g of agar per 
liter of the medium. This mode of motility is also a known characteristic of 
other motile Gram-negative bacteria such as Proteus mirabilis, as well as for 
some strains of Clostridium (Belas 1992, and Belas 1991). Thin section 
electron micrograph (Fig. 3.3) shows a rod-shaped cell with a distinct Gram- 
negative type of cell membrane. The electron micrograph shown in Fig. 3.3 
was prepared after staining the whole cells using methods similar to those 
reported by Fassel et ai. 1990. Examination of its cell wall revealed 7 to 8 
layers that included a thin dense cell wall, periplasmic layers and a 
cytoplasmic membrane (Fig. 3.3). These figures also show the presence of 
at least one circular inclusion in all of the mature cells. These inclusions 
form at later phases of cell division (Fig. 3.5, and 6). Fig. 3.6 appears to 
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Fig. 3.1. Screening of plasmids in bacterial isolates by 
electrophoresis using two plasmid molecular markers. 
The respective column of each isolate is indicated using 
numbering sequence from Table 2.3. 
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Fig. 3.2. Negatively stained cell of isolate number 22. The rod 
shape cells of this strain show a wrinkled cell surface 
and few flagella. Bar = 1 //m. 
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Fig. 3.3. Electron micrograph of an ultrathin section through a cell 
showing composition of layers of cellular membranes of 
isolate 22 including the surface layer, cell wall, and 
cytoplasmic membrane. A conventional staining method 
was used. Bar = 0.5 /ym. 
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Fig. 3.4. Electron micrographs of ultrathin sections through cells 
showing multiple inclusions in cells surrounded by outter 
layer of possiblyextracellular polymers. Bar = 1 //m. 
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Fig. 3.5. Electron micrograph of an ultrathin section through cells 
at the final stages of cell division showing initiation of 
separation in outer layers of cell membrane of a daughter 
cell (top), formation of DNA-Plasm (Bottom left) and 
completely separated cells (bottom right). Bar = 1 /ym. 
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Fig. 3. 6. Electron micrograph of an ultrathin section through cells 
stained using conventional techniques. Two daughter 
cells are without inclusion prior to separation from the 
mother cell. Bar = 1 /vm. 
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Fig. 3. 7. Phylogenetic tree based on partial sequences (350 bases) 
of 16S rRNA genes. The sequence of JGiao22 was 
compared with sequences of other members of the 
13 group of proteobacteria. The tree was constructed by 
using evolutionary distance estimates based on the 
maximum-likelihood model of nucleotide substitution with 
number species shown in parentheses. Bar = 0.1 (10 
nucleotide changes per 100 nucleotide. 
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represents a dividing cell where the two daughter cells have yet to form 
these circular inclusions. A similar observation has been reported by Briglia 
et at. (1 996) in a study of Rhodococcus perolatus. 
Our study used a partial sequencing of 1 6S rRNA to define the 
evolutionary status of JGiao22 in a prokaryotic organizational group depicted 
as a dendrogram (Fig. 3.7). The dendrogram was constructed using 
maximum-liklihood models (Felsenstein 1981), a commonly used model that 
was compared to various other models by Siering and Ghiorse (1996). The 
16S rRNA sequence revealed that the evolutionary distace between this new 
organism and Variovorax paradoxus (Kersters and De Ley 1984) was less 
than 0.1 which was calculated based on the model of nucleotide 
substitution. Similarly, Comamonas testosteroni strains were placed at an 
evolutionary distance of 0.113 away from JGiao22. 
The presence of nucleoid material in many of the above figures (3.2 
through 3.6) resemble the occurrence of specific DNA-plasm type formation 
that has been reported for E. coli (Robinow and Kellenberger 1994). This 
formation of nucleoid material was consistent in all of the electron 
micrographs prepared for this isolate. The staining process used in 
preparation of these figures does not, however, completely replicate the 
Robinow and Kellenberger method. Accordingly, a complete comparison 
with these results is not intended. 
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Discussion and conclusions 
~ne purple bacteria group, or proteobacteria, recently studied 
pnylogenetically (Gibson et al. 1979) comprises many species among the 
gener2 Rhodopseudomonas, Rhodospirillium, Rhodomicrobium, Rhizobium, 
Pseudomonas, Variovorax, and Aeromomonas (Fox et al. 1980, Perriello 
1997). The assignment of species and species clusters within each group 
has recently been based on numerical analyses of phenotypes, rRNA groups, 
and computerized FAME analysis (Miller 1982, Sasser et al. 1984), rather 
than morphological characteristics, mode of cell division, or lack of a cell 
wall. Thus innovations have resulted in the introduction of a variety of new 
species and the redefining of previous groupings of bacteria (Bennasar et 
at. 1996, Engle et al. 1996, Hu et al. 1997, Irgens et al. 1996, Khan et 
al. 1996, Nohynek et a/. 1996, Willems et al. 1989 and Willems et at. 1991). 
For example, the genus Alca/igenes included strains of the beta subclass of 
the proteobacteria such as paradoxus, latusf and eutrophus. These strains 
have been found to be rather closely related to many other genera (Kersters 
and De Ley, 1984, Woese et al. 1984, Willems et al. 1989, and Willems et 
al. 1991). A new genus, Variovorax, in the recently proposed 
Comamonadaceae was introduced to include Variovorax paradoxus (Willems 
et al. 1991). Other species were also classified and were closely related to 
Hydrogenophaga (Willems et al. 1989, Auling et al. 1980). 
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The newly isolated strain is certainly a Gram-negative, motile rod with 
peritrichous flagella, and is an aerobic heterotroph (Table 3.1). These 
characteristics are commonly found among /?-proteobacteria (Hans-Jurgen 
and Auling. 1992). The genetic analysis of 16S rRNA of the bacterium (Fig. 
3.7) indicated a closer relation to the Variovorax genus than to the 
Comamonas (example: Comamonas testosteroni) or Alcaligenes sp. of 
purple bacteria. The use of macromolecular sequence comparisons and in 
particular the use of phylogenetic inferences based on the gene sequences of 
16S rRNAs (Bennasar et al 1996, Busse et at. 1992, Felsenstein 1981, Fox 
et a/. 1980, Lane et al. 1992, Olsen 1988 and Siering and Ghiorse 1996) 
have contributed significantly to the identification and classification of 
bacteria including recent changes in taxonomy of the Proteobacteria (Murray 
et al. 1990) . The evolutionary distances estimated based on the above 
analysis places bacterial species of a type according to the time measure of 
their genetic depth (evolutionary time), and it should not be considerd as a 
scale indicating progression scheme of their evolution. The evolutionary 
distances depicted in Fig. 3.7, closely matched the evolutionary distances 
that were reported by Siering and Ghiorse (1996) between Burkholderia 
cepacia et at and Comamonas testosteroni species too. Finally, the exact 
placement of this isolate in any phylogenetically defined group requires 
further detailed studies of 16S rDNA, complete mapping of its 16S rRNA, as 
well as other chemical, and microscopic studies. Our present knowledge of 
this bacterium based on the partial 16S rRNA analysis permits us to 
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conclude that JGiao22 is possibly belongs to the genus Variovorax since the 
respective evolutionary distance was less than 0.1. Evolutionary distances 
among different genuses of bacteria in a group usually exceed 0.3 (Siering 
and Ghiorse, 1 996). 
This genus of bacteria, Variovorax, embraces many members that are 
soil inhabitants which contain plasmids (Fig. 3.1). The unique characteristics 
of this isolate, however, include the presence of two different plasmids, one 
or many circular inclusion (Fig. 3.2 through 6) and extracellular polymers. 
The presence of extracellular material was revealed in other microorganisms 
including the Sphaerotilus-Leptothrix, Eikenella corrodens, Actinobacillus 
acintomycetemcomitans and Porphyromonas gingivalis (Barber et al. 1993, 
Siering and Ghiorse 1996). Plasmid diversity reported for a 2, 4- 
dichlorophenoxyacetic acid degrading Variovorax paradoxus population 
(DiGiovanni et al. 1996) also supports the placement of our isolate in a close 
relationship with the genus Variovorax. However, there were no similarities 
in its FAME analyses to the characteristic fatty acid profile of the genus of 
Variovorax. Such a profile was found in the FAME analysis of isolate No. 2, 
which resembled Variovorax paradoxus GC subgroup B (Table 2). FAME 
analysis is a sensitive phenotypic technique for identifying new species of a 
well defined genus. Recent utilizations of FAME for the differentiation of 
new species of a genus include studies on Xanthomonas species by Yang et 
al. 1993 and Vauterin eta/. 1996. The observed disagreement of the FAME 
98 
analysis with genetic studies on a pure culture of the bacterium, Jgiao22, 
would justify future studies to obtain more definitive information. 
Nonetheless, we feel that the information already available to us justifies 
naming strain JGiao22 as a new species, Variovorax propanotrophica sp. 
nov. 
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